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This thesis presents a study of light propagation in seven-core fiber using a numerical modeling tool 
and experimental observation.  The coupling of light between cores in a Multi-Core Fiber (MCF), or 
crosstalk, has been investigated using the Eigen mode expansion method. Additionally, we give a full 
description of the basics for designing and manufacturing single-mode, MCF using the stack and-draw 
process. Finally we propose a novel type of fiber probe which can be used for many applications such 
as fluorescence signal collection and spectral filters.   
Chapter 1 introduces and reviews the properties and the basic principles of optical fiber light guiding, 
the application of fiber optical probes to fluorescence spectroscopy and their benefits over other 
methods. Approximation formulas for light collection efficiency are analytically developed. Different 
types of optical fiber fluorimeter probes are also outlined. Single fiber probes in which the excitation 
and the emission radiation transmitted are reviewed. Then double fiber probes in which one fiber 
guides the excitation to the sample and the other collects the emission radiation to the detector are 
presented. Fiber optic bundle probes, in which more than one fiber is used for light collection, are also 
reviewed. 
In Chapter 2, the theory of core-to-core coupling in homogenous and heterogeneous (MCFs) are 
presented. Then mode coupling dynamics in homogenous and identical seven-core fiber are computed. 
The coupling behavior is explained by two models.  First, by expressing the field solution in a fiber as 
an expansion of its modes, the power exchange between cores, and therefore the nature of the 
coupling, can be determined.  In addition, coupled mode theory, an analytical model for predicting 
coupling, is summarized. 
In the third chapter the basics for designing and manufacturing a single-mode, seven-core fiber using 
the stack-and-draw process is described. Then a homogeneity test is applied to determine whether the 
designed and manufactured geometries of the fabricated seven-core optical fiber are matched. 
In chapter 4 the modal characteristics and the mode field distribution of the supermodes inside a 
strongly coupled seven-core fiber are investigated using numerical simulations. Then the Single mode-
Multicore-Single mode fiber structure (SMS) constructed by splicing two identical single-mode fibers 
at both ends of a short length of a seven-core fiber has been studied. The study should be useful in the 
design of a novel wavelength filters for spectroscopic applications.  
In chapter 5 the performance of the SMS structure amongst the variation of the MCF length in the 
wavelength range 1510 nm to 1580 nm has been studied in both experiment and simulation. Then the 
Eigen mode expansion method has been used to study and simulate various SMS devices by changing 
the lattice parameters and core diameters of the seven-core fiber section. 






Fluorescence measurement techniques with free beam optics have many optical components, such as 
an off‐axis parabolic reflector and dichroic beam splitters. This bulky optical arrangement requires a 
precise optical alignment. Fluorescence-based optical fiber measurement techniques are more 
convenient than fluorescence-based free-beam optics techniques due to their flexibility, immunity to 
external electromagnetic interference, cost‐effectiveness, compactness, small size, remote-monitoring 
capability, long-range operation and their ability to operate in harsh environments. There are currently 
many fiber probe designs being explored for fluorescence spectroscopy, and a novel, highly-integrated 
seven-core fiber probe has been proposed and investigated here. One advantage of our proposed MCF 
probe is the use of core-to-core coupling for filtration instead of external conventional filters. Using 
core-to-core mode coupling for filtration instead of mounting conventional filters decreases the 
number of necessary parts and the size of the probe, making it suitable for spectroscopic applications. 
The proposed probe was assembled with the central core being used to transmit and couple the 
excitation radiation to the outer six cores. Using all the cores for delivering the excitation light from 
the source to the sample reduces the risk of sample being photochemically damaged when compared 
to excitation by a single-core fiber. Fluorescence emission feedback radiation at a higher wavelength 
can be collected in the outer six cores, and then the fluorescence signal can be coupled from these 
cores to the central core. The results from the numerical simulations of the 3D full-vectorial model 
show two cases corresponding to peak transmission at wavelengths of 410 nm and 480 nm. Therefore, 
the selectivity of the wavelength ensures that the light directed into the central core will pass through it 
and reach the end of the probe, except for certain wavelengths, where it will couple and appear at the 
end of other cores. The main  framework of this research is to first use a finite element  method (FEM) 
mode solver in a commercial software package (Fimmwave by Photon Design) to design various 
MCFs by changing the refractive index, size and pitch of the cores, in order to study their coupling and 
transmissive properties. The second step is to design the MCF for maximum modulation depth near 
1500 nm, a value chosen to accommodate our test equipment. Then we develop a fabrication 
procedure for this design and measure the transmission characteristics with a broadband light source 
and an optical spectrum analyzer. Then we compare the experimental results with the numerical 
simulations. After this experimental verification we numerically scale the MCF geometry to match the 










Doktorska disertacija se umešča na področje fluorometrije oziroma natančneje na področje merjenja 
izhajajoče fluorescentne svetlobe različnih vzorcev in materialov, kadar so le-ti obsevani s svetlobo 
določene valovne dolžine. Naprave, ki karakterizirajo zvezo med absorbirano in izsevano svetlobo na 
osnovi pojava fluorescentne svetlobe, se imenujejo fluorometri in so lahko realizirani na različne 
tehnične načine. Ker prostozračne izvedbe fluorometrije zahtevajo zelo natančno nameščanje optičnih 
elementov, je za izvedbo fluorometra zelo atraktivno in pogosto uporabljeno vodenje svetlobe s 
pomočjo vlakenskih optičnih sond različnih geometrijskih izvedb in materialnih lastnosti. Naloga 
vsakršne vlakenske optične sonde za namene fluorometrije je dvojna. Kot prvo mora zagotoviti 
dovajanje svetlobe od vzbujevalnega izvora neposredno na izbrano točko merjenja, pri čemer mora 
vnašati čim manjše slabljenje zaradi sipanja ali absorpcije znotraj svetlovoda. Druga naloga pa je 
zbiranje fluoroscence, ki izhaja iz vzorca in vodenje sprejetega signala na ustrezni selektivni 
fotodetektor, pri čemer je prav tako potrebno paziti na čim manjše slabljenje zaradi sipanja ali 
absorpcije v svetlovodu. Uporabljeno optično vlakno je lahko enorodovno ali mnogorodovno in 
izdelano iz različnih materialov, pri čemer pa je potrebno posebno paziti na izbiro in uporabo 
materialov v jedru optičnega vlakna, po katerem potuje svetloba, kjer morajo le-ti imeti nizko sipanje 
in absorbcijo. Splošno znano je, da so optične vlakenske sonde zelo kompaktne, majhnih dimenzij, 
mehansko prilagodljive, odporne na zunanje elektromagnetne motnje, cenovno ugodne in omogočajo 
merjenje pojava fluorescence tudi z relativno velike razdalje v nelaboratorijskem okolju.  
Geometrijske porazdelitve svetlovodov pri fluorometričnih sondah iz optičnih vlaken so prav tako 
lahko zelo različne. Prva možnost so enojne fluorometrične vlakenske sonde, pri katerih sta 
vzbujevalna in izsevana svetloba vodeni do vzorca po istem optičnem vlaknu. Dobra lastnost tovrstnih 
sond je predvsem visoka učinkovitost zaznane izsevane svetlobe, saj gre za popolno geometrijsko 
prekrivanje področja svetlobnega vzbujanja in zaznavanja, ki ga preko snovnih lastnosti narekuje 
numerična odprtina vlakna. Pri enovlakenskih fluorometričnih sondah je na strani analize optičnega 
signala potrebno uporabiti kompleksnejše optične komponente za ločevanje obeh žarkov. Za ločevanje 
so potrebni optični filtri, ki zagotovijo potrebno razmerje med signalom in šumom, pri čemer se za 
signal smatra zbrana fluorescnčna svetloba, za šum pa vzbujevalna svetloba. Druga geometrijska 
možnost porazdelitve svetlovodov so dvovlakenske fluorometrične sonde, pri katerih eno vlakno služi 
za vzbujanje vzorca in drugo za vodenje sevane svetlobe do detektorja. Pri tem prihaja do manjšega 
presluha med zbrano fluorescenčno svetlobo in vzbujevalno svetlobo, vendar geometrijsko 
neprekrivanje področji vzbujanja in zaznavanja privede do nižje učinkovitost. Tretja in v zadnjem času 
vedno bolj atraktivna geometrijska možnost porazdelitve svetlovodov so večvlakenske fluorometrične 
sonde, v katerih se za vzbujanja ali zbiranje fluorescence uporablja več kot eno optično vlakno. 
Vlakna so lahko razporejena linearno ali krožno. Ker ima linearna porazdelitev slabo geometrijsko 
prekrivanje področja svetlobnega vzbujanja in zaznavanja, so mnogo bolj zanimive krožne 
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geometrijske porazdelitve. Pri krožni porazdelitvi optičnih vlaken se za obsevanje najpogosteje 
uporablja osrednje optično vlakno, preostala, ki ga obdajajo, pa tvorijo obroč ali več obročev vlaken 
namenjenih za detekcijo. Količina zbrane svetlobe pri krožni geometrijski razporeditvi je odvisna od 
premera zbiralnega jedra in njegove numerične odprtine. 
Pri zasnovi vseh vlakenskih fluorimetričnih sond je potrebno paziti, da jakost električnega polja 
vzbujevalne svetlobe na izhodu vzbujevalnih optičnih vlaken ne preseže površinskih gostot, ki bi 
povzročile fotokemično poškodovanje merilnega vzorca. Poškodovanje biokemijskega vzorca je toliko 
bolj nevarno pri uporabi zgolj enega vzbujevalnega vlakna, ki je enorodovno, saj na majhni površini 
izhodne ploskve jakosti električnega polja zlahka presežejo mejne vrednosti.  
Vse do sedaj poznane fluorimetrične vlakenske sonde odlikuje učinkovito vodenje svetlobe od 
vzbujevalnega izvora do vzorca in naprej do sprejemnika, vendar pred fotodetektorskim sprejemnikom 
potrebujejo selektivno filtriranje vzbujevalne svetlobe in fluorescentne svetlobe. Selektivno filtriranje 
je izvedeno s pomočjo diskretnih optičnih filtrov, ki so lahko izdelani s pomočjo različnih tehnologij. 
Naloga optičnega filtra je izboljšanje razmerja med signalom in šumom na račun zavračanja močne 
vzbujevalne svetlobe medtem, ko se na fotodetektor prepusti šibka fluorescenčna svetloba. Neglede na 
tehnologijo izvedbe optičnega filtra se zaradi njegove uporabe poveča kompleksnost, volumen opreme 
in nenazadnje tudi cena merilne postavitve.  
V doktorski disertaciji je na osnovi študije poznanih geometrijskih rešitev porazdelite optičnih vlaken 
in njihovih najpomembnejših značilnosti za detekcijo fluorescence s čim boljšim razmerjem med 
signalom in šumom predlagana in razvita nova fluorimetrična sonda iz steklenega večjedrnega 
optičnega vlakna. 
Pri večjedrnem optičnem vlaknu so možne različne geometrijske porazdelitve steklenih jeder, ki so 
znotraj enega (prav tako steklenega) plašča lahko razporejeni v različne vzorce. Potreben pogoj za 
vodenje svetlobe po jedru je enak kot pri enojedrnem vlaknu – lomni količnik stekla, iz katerega je 
izdelano jedro, mora biti vedno večji od lomnega količnika stekla, iz katerega je izdelana obloga. 
Število jeder v večjedrnem optičnem vlaknu je lahko tudi več kot ducat. Geometrijske porazdelitve 
lahko vključujejo jedra enakih ali različnih premerov, po čemer ločimo homogena od heterogenih 
večjedrnih vlakenskih struktur. V doktorski disertaciji je za geometrijsko strukturo večjedrnega 
optičnega vlakna, ki predstavlja novo fluorescenčno sondo, predlagano sedem-jedrno vlakno z optično 
sklopljenimi jedri. Sedem-jedrno vlakno je bilo izbrano zaradi enostavne homogene porazdelitve, pri 
kateri so razdalje med sosednjimi jedri enakega polmera enake. Tovrstna heksagonalna porazdelitev se 
izkaže kot najbolj primerna za iskanje analitičnih rešitev, izvedbo numeričnih simulacij in praktično 
izdelavo vključno s končnim geometrijskim preizkusom homogenosti.  
Predlagana sonda je sestavljen iz osrednjega jedra, ki se uporablja za oddajanje in sklapljanje 
vzbujevalnega sevanja na preostalih zunanjih šest jeder nameščenih na obodu. V povratni smeri se 
svetloba višje valovne dolžine zajema na osrednjem jedru ali na zunanjih šestih jedrih in vodi na izhod 
osrednjega jedra. Valovna dolžina zajete svetlobe je pri fluorometriji vedno višje valovne dolžine kot 
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valovna dolžina vzbujevalne svetlobe, pri čemer njuno medsebojno razmerje narekujejo materiali 
uporabljeni v biokemijski aplikaciji.  
Uporaba vseh jeder v primerjavi z enim samim jedrom vlakna za dostavo vzbujevalne svetlobe od vira 
do vzorca zmanjša tveganje za fotokemično poškodovanje vzorca. Povratno sevanje fluorescenčne 
oddaje, ki je na višjih valovnih dolžinah, se lahko zbira v zunanjih šestih jedrih, od koder je nato 
sklopljeno v osrednje jedro.  
Nova sonda uporablja frekvenčno selektivno rodovno sklapljanje svetlobe iz jedra na jedro. Pri tem za 
filtracijo namesto montaže običajnih filtrov zmanjša število potrebnih sestavnih delov in velikost 
merilne sonde.  
V doktorski disertaciji je predstavljena teorija sklopa svetlobe iz jedra na jedo v večjedrnem 
homogenem in večjedrnem heterogenem optičnem vlaknu. Glede na medsebojno razdaljo med jedri v 
večjedrnem vlaknu se svetloba iz enega na drugo vlakno lahko močneje ali šibkeje sklaplja. Moč se 
sklaplja iz enega jedra v drugo znotraj iste obloge, ker se evanescentno polje, ki sicer upada 
eksponentno z oddaljenostjo od jedra, kjer se širi svetlobno valovanje, čuti spremembe v lomnem 
količniku zaradi prisotnosti drugega jedra v bližini. Kot posledica optičnega sklapljanja moči svetloba 
izmenoma potuje iz enega v drugo jedro in nazaj vzdolž vlakna. To periodično sklapljanje moči med 
jedri ima sinusni odziv. Dolžina, pri kateri je celotna moč prenesena iz enega v drugo jedro, se 
imenuje sklopna dolžina. Periodična prenosna funkcija je uporabna za izdelavo optičnih elementov kot 
so frekvenčno odvisni optični sklopniki oziroma razcepniki. Rezultat teoretske obravnave je analitični 
model za izračun sklopnega presluha. Izkaže se, da je sklopna dolžina odvisna od razdalje med jedri in 
valovne dolžine svetlobe, ki potuje po jedru optičnega vlakna. V primeru dvojedrnega vlakna z 
identičnimi jedri se bo svetloba iz enega jedra v celoti prenesla v drugo jedro ker za homogeni jedri 
velja enaka konstanta razširjanja. V primeru dveh heterogenih jeder svetloba ne prehaja v celoti iz 
enega v drugo jedro, ker ima vsako od jeder drugačno konstanto razširjanja valovanja.  
Pri homogenem sedem-jedrnem optičnem vlaknu z enakimi jedri, kjer je šest jeder razporejenih okrog 
centralnega jedra, struktura narekuje zgolj dva sklopna koeficienta. Celotna moč prehaja iz centralnega 
jedra v ostala jedra, vendar je minimalna moč v centralnem jedru enaka eni sedmini celotne moči. V 
vsakem od šestih obodnih jeder pa moč niha od nič proti eni sedmini celotne moči. Poleg analitske 
rešitve je sklop svetlobe med jedri večjedrnega vlakna oziroma presluhi med jedri proučen z 
numerično metodo končnih elementov oziroma metodo širjenja lastnih rodov (angl. eigen mode 
expansion method). Ta metoda se uporablja za izračun odbojnosti in prenosnega parametra v poljubnih 
slojih, na katere za namen modeliranja »narežemo« optično vlakno. 
Na osnovi izračunov in simulacij je bilo zasnovano in izdelano sedem-jedrno optično vlakno. Pri 
izdelavi se je uporabila metoda priprave surovca in vlečenja vlakna (angl. stack-and-draw), ki poteka v 
dveh korakih. V prvem delu se v stekleno cev zloži enorodovne surovce, ki so predhodno raztegnjeni 
na ustrezen premer. V vmesni prostor med surovce se zatakne tanjše steklene palice, katere so izdelane 
iz stekla z lomnim količnikom obloge. Ko so zapolnjeni vsi večji prostori med surovci s tanjšimi 
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steklenimi palicami, se preide na drugi korak, ki je vlečenje optičnega vlakna. Iz zasnovane strukture 
se izsesa zrak in jo montira v vlečni stolp. S pravilno izbrano temperaturo peči v stolpu in hitrostjo 
navijanja vlakna na dnu stolpa se poskrbi za zahtevan zunanji premer 125 mikrometrov. Ker so bile 
dimenzije začetnih steklenih palic pravilno izbrane, nastanejo jedra večjedrnega optičnega vlakna 
željenih dimenzij in se prav tako nahajajo na pravilni medsebojni razdalji. Za evaluacijo in ujemanje 
izdelanega z načrtovanim več jedrnim optičnim vlaknom je bil opravljen test homogenosti.            
Simulacijski rezultati so podkrepljeni s praktičnimi meritvami na predhodno zasnovanem in izdelanem 
sedem-jedrnem optičnem vlaknu. Vlakenska struktura je načrtovana za meritve v področju infrardeče 
svetlobe, kjer je mogoče izvesti meritve lastnosti z enostavno dobavljivimi svetlobnimi izvori in 
detektorji uporabljenimi v telekomunikacijski opremi. Izvedene so meritve z različnimi tipi svetlobnih 
izvorov in optičnim spektralnim analizatorjem. Za svetlobni izvor se lahko uporablja širokospekralnim 
izvor bele nepolarizirane svetlobe ali polariziran laserski izvor z nastavljivo resonančno votlino ali 
vlakenski ojačevalnik s primesmi erbija, ki oddaja nepolarizirano svetlobo v območju od 1510 nm do 
1580 nm.  
Za namene verifikacije simulacijskega modela je bila praktično izdelana valovodna struktura, pri 
kateri sta identični enorodovni, enojedrni optični vlakni v vzdolžni osi zvarjeni na konca kratkega 
sedem-jedrnega optičnega vlakna, s čimer dobimo valovodno strukturo sestavljeno iz treh odsekov. 
Triodsečna valovodna struktura je sestavljena iz enorodovnega vlakna, ki je spojeno na večjedrno 
vlakno, le-to pa nadalje na drugo enorodovno vlakno (angl. single-mode fiber – multi-core fiber – 
single-mode fiber – SMS). Uporabljeno sedem-jedrno optično vlakno ima enorodovna jedra identičnih 
dimenzij. Svetloba v centralnem jedru večjedrnega optičnega vlakna je vzbujena z osnovnim rodom, 
ki izhaja iz enorodovnega, enojedrnega optičnega vlakna. Po prepotovanju določene dolžine se 
svetloba iz centralnega jedra prenese na ostala jedra. Valovodna struktura večjedrnega optičnega 
vlakna začne oscilirati med stanji, ko je vsa svetloba v centralnem jedru, do stanja, ko je svetloba 
enakomerno porazdeljena med vseh sedem jeder. Opaziti je, da je prenos moči po sedem-jedrnem 
optičnem vlaknu zelo odvisen od valovne dolžine svetlobe in dolžine sedem-jedrnega optičnega 
vlakna, ker se moč porazdeli na različne rodove, ki med potovanjem po vlakenski strukturi 
interferirajo. Moč,  ki se sklaplja in se prenaša po drugem enorodovnem, enojedrnem optičnem vlaknu, 
je odvisna od porazdelitve svetlobe med jedri sedem-jedrnega optičnega vlakna. Interferenčna 
prenosna karakteristika ima periodičen odziv glede na valovno dolžino prenesene svetlobe. Lastnost 
SMS strukture je odvisna od valovne dolžine svetlobe in dolžine sedem-jedrnega vlakna. V prenosni 
karakteristiki SMS strukture je opaziti periodično modulacijo moči v odvisnosti od valovne dolžine. 
Perioda interferenčnega vzorca je najbolj odvisna od dolžine sedem-jedrnega odseka, medtem ko je 
modulacijska globina najbolj odvisna od geometrije večjedrne strukture. Ta modulacija se s pridom 
lahko uporabi za izvedbo vlakenskega optičnega filtra. Iz opravljenih simulacij je razvidno, da se 
sklopna dolžina in s tem tudi centralna valovna dolžina filtra lahko izbira z dolžino sedem-jedrnega 
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vlakna. Prav tako se iz opravljenih simulacij lahko razbere, da razmik med jedri in velikost jedra 
vplivata na prenosno karakteristiko.       
Za SMS strukture dolžin 28, 30, 40, 60 in 80 cm so bile narejene laboratorijske meritve prenosne 
karakteristike v odvisnosti od valovne dolžine. Izsledki meritev v infrardečem področju se ujemajo z 
rezultati numeričnih simulacij, kar potrjuje, da so razviti postopki načrtovanja, optimizacije in izdelave 
optičnega vlakna primerni za preslikavo v področje valovnih dolžin, ki jih narekujejo biokemijski 
materiali.    
Rezultati numeričnih simulacij s tridimenzionalnim popolnoma vektorskim modelom prikazujejo dva 
primera, ki ustrezata največji propustnosti pri aplikacijskih valovnih dolžinah 415 nm in 480 nm. Za 
načrtovanje in optimizacijo porazdelitve moči znotraj močno sklopljenih jeder sedem-jedrnega 
optičnega vlakna so bile uporabljene numerične simulacije. Pri zasnovi so se spreminjali lomni 
količnik obloge in jedra, premer jedra, razdalja med jedri in dolžina fluorimetrične sonde iz 
večjedrnega optičnega vlakna. Pri tem selektivnost valovne dolžine omogoča, da bo svetloba 
usmerjena v osrednje jedro prehajala skozenj in dosegla konec sonde, medtem ko se svetloba ostalih 
valovnih dolžin sklopi in pojavi na koncu preostalih zunanjih šestih obodnih jedrih. 
Novo zasnovana sonda iz večjedrnega optičnega vlakna ima večjo učinkovitost kot konkurenčne 
večvlakenske sonde, saj ima relativno manjše razdalje med svetlovodi, kar omogoča boljše 
geometrijsko prekrivanje področja svetlobnega vzbujanja in zaznavanja. Glede na tehnološke trende je 
pričakovati, da bo integracija večjega števila svetlovodov znotraj ene optične strukture lahko bistveno 
znižala ceno izdelave optičnih sond, podobno kot je pripomogla na področju elektronskih in optičnih 
elementov. Poleg tega integracija več optičnih svetlovodov znotraj enotnega večjedrnega vlakna 
omogoča učinkovite merilne lastnosti na osnovi pojava selektivne filtracije s pomočjo presluhov med 
jedri večjedrnega optičnega vlakna.  
Doktorska disertacija vsebuje tri prispevke k znanosti: 
1. Predlog nove integrirane visoko učinkovite večjedrne vlakenske fluorometrične sonde in njena 
validacija. 
2. Razvoj modela razširjanja svetlobe v in med svetlovodi ter optimizacija valovno-snovnih lastnosti 
večjedrne vlakenske sonde. 
3. Inovativno združevanje funkcije zajema svetlobe in optičnega filtriranja s pomočjo večjedrnega 
optičnega vlakna. 
Doktorska disertacija je odprla novo področje v snovanju fluorimetričnih sond. S pomočjo 
pridobljenega znanja in razvitih postopkov načrtovanja je nadalje mogoče načrtovati in izdelati 
večjedrno optično vlakno za namensko aplikacijo fluorimetrične sonde in njeno testiranje na realnih 
biokemijskih vzorcih. Nadaljnje delo bi lahko potekalo tudi v smeri zasnove heterogene optične 
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1.  Fiber  opt ic  f luor imeter  probes  
1.1.  Introduction 
Fluorimetry is a widely used optical method which quantitatively measures fluorescence for 
monitoring environmental changes in samples for chemical, biomedical, and clinical applications [1], 
[2]. It characterizes the relationship between the absorbed and the emitted photons at specified 
wavelengths. Fluorescence phenomena are produced when fluorescent molecules absorb photons from 
the ultraviolet, visible or near-infrared light spectrum, the so-called excitation, and then return rapidly 
(in nanoseconds) to the ground state by emission of photons with a longer wavelength. The emitted 
spectrum is measured by that fluorimeter device. 
The emitted photon can be detected by two methods. In the straightforward method the emission is 
directly detected via simple coupling optics with a photon detector. This method needs a single photon 
detector with the wide photon-sensitive area, which is ideally larger than the photon-emission area to 
achieve high efficiency detection. In the alternative method, the emission is detected via an optical 
fiber coupled to a photon detector. Fluorescence-based fiber measurement techniques are more 
convenient when compared to fluorescence-based, free-beam optics techniques due to their flexibility, 
immunity to external electromagnetic interference, cost‐effectiveness, compactness, small size, 
remote-monitoring capability, enabling their simple integration into existing structures. Their long-
range operation and their ability to operate in harsh environments permit a local detection within the 
sample solution. The detector can be far from the sample solution, single photon detectors with a small 
sensitive area are also usable, because the photon-emission area is almost identical to the small core 
cross section in the optical fiber. This is the reason why glass fibers are not only used for 
telecommunications [3], but also for many other applications such as excitation and collection for 
fluorescence [4-9].  
1.2. Optical fiber basics 
Standard optical fibers consist of an outer cladding and an inner core, which enable the guidance of 
light by the principle of total internal reflection [3]. The way light is guided within the core and the 
shape of the intensity profile that satisfies the phase-matching condition, is referred to as a mode. The 
number of modes guided by the fiber is determined by the core refractive index (ncore), the cladding 
refractive index (ncladding), the core radius (rcore), and the wavelength of light. The fiber operates in a 
single-mode for wavelengths longer than the cutoff wavelength (λc) which is given by  




The half-angle (αmax) of the cone where light can enter or exit a fiber, as shown in fig (1), is 
determined by the numerical aperture (NA). For small core area step-index fibers, the NA is calculated 
from the difference between the core and the cladding material refractive indices as given by eqn (2), 
where nmedia is the refractive index of surrounding material. But for non-step-index fibers the effective 
NA is calculated based on an equivalent step-index profile, which leads to similar mode properties. 
Alternatively, the NA can be calculated from the maximum refractive index in the core. Yet other 
ways are based on measuring the half angle at which the far-field angular intensity distribution has 
decreased to 5% of its maximum value [10]. The NA can be determined experimentally by measuring 




coremediamaxmedia αsin nnnnNA                                               (2) 
d
rNA  maxαtan                                                          (3) 
 
Figure 1: Optical fiber consists of a core and a cladding. 
 
 







1.3. Types of optical fiber probes  
1.3.1. Single fiber probe 
In fluorescence measurements with single fiber probe, the same fiber is used to transmit the excitation 
radiation to the sample and to guide the collected signal radiation to the detection system. The 
fluorescence light is emitted from the excited molecule within the excitation cone at 4π steradians 
[11], but only fluorescence emitted within a cone similar to the excitation cone will be collected by a 
fiber. The most important parameter when designing a single fiber fluorimeter probe is the ratio 
between the optical power which is sent into fiber probe and the optical power coming back from the 
fiber probe – the fiber fluorimeter probe efficiency. There are many factors that can decrease the 
efficiency of the fluorescence detection like the Fresnel loss (a), the background florescence, 
absorption losses (α), the emission efficiency (Q), the collection efficiency of the emitted fluorescence 
from the fluorophore to the optical fiber (ƞ) and the coupling efficiency between the other optical fiber 
end and the detector (ε). 
The background florescence is due to auto-fluorescence generated by impurities in the fiber core [12, 
8]. The light beam passing through a fiber excites the fiber material and generates a back-propagating 
fluorescence light, referred to as the fluorescence background signal. In general, the fiber core induces 
stronger fluorescence than the fiber cladding due to the doping material. It is therefore necessary to 
use pure silica core fiber in applications using UV and shorter visible wavelengths. The absorption 
losses are due to the primary absorption (where the excitation power is attenuated when traveling in 
the florescence material) and to the secondary absorption (where the emitted fluorescence is absorbed 
while travelling back to the fiber probe) [13]. The emission efficiency gives the efficiency of the 
fluorescence process. It is defined as the ratio of the number of photons emitted to the number of 
photons absorbed [14]. 
The collection efficiency, defined by M.C. Hudson [15], is the ratio of the receiver (fiber) to source 
(fluorophore molecule) phase space volumes. Furthermore, we can define collection efficiency as the 
ratio of fluorescence power collected by fiber core to the total fluorescent power emitted by the 
fluorophore.  
Let us assume a fluorescent molecule and a fiber with a core area Ac. Out of the total fluorescence 
emitted by a fluorophore, only fluorescence emitted within optical fiber aperture can be collected as in 
fig (3). Then the collection efficiency can be calculated by the ratio of the power collected by the fiber 
(Pc) to the total power emitted by the fluorophore (Ps ) which is equivalent to the ratio of the emitting 













Since the fluorophore molecule emits isotropically. Then the solid angle is:  
 Ω𝑠 = 4π (5) 
 










= 2𝜋(1 − 𝑐𝑜𝑠𝛼𝑚𝑎𝑥) = 2𝜋(1 − √1 − 𝑠𝑖𝑛
2𝛼𝑚𝑎𝑥) (6) 
Substitute by eqn(2) in eqn(6) then  
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Figure 3: The emission of light by fluorophore molecule at the optical fiber end.  
 
The collection efficiency calculated by eqn (8) can be used if the fluorophore is at the tip of the fiber 
but if the sample has a thickness z then we should consider the attenuation of the travelling emission 
until it reaches to the fiber. Then if Po is the light power emerging from the fiber core then the 
excitation power reaching a molecule at distance z from the fiber is Pe=P0 e(-α1·z) where α1 is the 
absorptivity loss in the units of m-1, z is the thickness of the fluorescent sample. If the emission 
efficiency is Q then the total emitted fluorescence power is Q·P0 e(-α1·z). The fluorescence light at the 
wavelength λ2 which is travelling back to the fiber is attenuated by another absorptivity loss α2. Since 
the phase volume of the fluorescent source and the phase volume of fiber can be calculated by 
 ssmedias An 
2  (9) 
 ccmediaf An 













where As is the normal cross-sectional area of the emitting source at distance z, Ac is the cross 
sectional fiber core area, Ωs is the emitting source (fluorophore) solid angle and Ωc is the receiver 


































Figure 4: Collection of fluorescent emitted light from fluorophore molecule at distance z from the 
fiber tip. 
 
From fig (4) the ratio of the cross sectional fiber core area to the normal cross sectional area of the 
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The single fiber probe has the advantages of a small probe diameter, high collection, the smallest 
possible beam spot size, and has a simple configuration. It is suitable when the signal to noise ratio is 
expected to be large and when very small volumes are to be measured [16]. It is limited by the 
difficulty in suppressing the auto-fluorescence background signal induced by the fiber itself, and the 
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difficulty of reducing back-scattered excitation and illumination light at the fiber coupling site, 
therefore the single fiber probe is a poor choice for many types of measurements, like measurements 
of weakly fluorescent samples, measurements requiring long fibers or when the sample is 
heterogeneous [17]. 
1.3.2. Double fiber probe 
In fluorescence measurements with separate fiber probes, one fiber is used to transmit the excitation 
radiation to the sample and a second fiber to collect and guide the emission signal radiation to the 
detection system. Using separate fibers eliminates the need for fiber splitters but the probability of 
capturing emission photons is significantly reduced because only a small portion of the excited 
fluorescence can be collected. This portion corresponds to the fluorescence emitted in the volume (s) 
defined by the overlap of the excitation and collection cones as shown in fig (5). 
The collection efficiency of a double fiber probe is therefore lower than the collection efficiency of a 
single fiber probe, as the collecting fiber sees only the overlap area beginning at z0 [18]. The average 
collection efficiency for a double fiber probe can be calculated by 
gledouble zS sin*)(                                                     (14) 
Where S(z) is the overlapping area between the excitation and the collection cone at distance z from 
the fiber tip.  The overlapping area in fig (5) can be calculated by S(z)= 2*(area of circular sector 























































Figure 5: Double optical fiber system for calculating the fluorescence signal collected by a double 
fiber probe. 
1.3.3. Bundle fiber probe 
It has been found that a fiber optic bundle probe including a central excitation fiber surrounded by six 
collection fibers increases the collection efficiency as seen in fig (6). The collection efficiency of this 
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Figure 6: A six-around-one fiber bundle probe 
 
 
Ma et al. [20] calculated the fluorescence intensity as a function of the core and the cladding radius of  
the excitation and the collection fiber in a fiber bundle probe. The effects of fiber parameters like fiber 
diameter, numerical aperture, core clad ratio, arrangement of collection fibers around the excitation 
fiber and dead space between them, and optical properties of the medium on the performance of 
probes are mathematically modeled by varying the fiber parameters and their geometrical arrangement 
using a monte carlo simulation technique [21]. The simulation results indicate that the fluorescence 
signal increases monotonically with increasing collection fiber diameter. However inclusion of 
effective space factor in the calculations does not yield the same monotonic rise in the collected 
fluorescence signal. The collection fiber numerical aperture plays an important role in the fiber bundle 
probe design since the fiber numerical apertures determine their light gathering efficiency [22], [23]. 
These models show that the collection efficiency of a seven fiber bundle probe increases by increasing 










2.   Mult i -core  f iber s  
2.1. Introduction to core coupling  
This chapter provides an overview of the fundamentals behind the operation of Multi-Core Fibers 
(MCFs). MCFs are optical fibers, integrating more than one guiding core in one cladding. The number 
of cores can be arranged in a variety of patterns regarding their applications. Although, the idea of 
including several cores into one cladding emerged  in 1979 [24], it was not implemented for a long 
time. This is because intensive research efforts focused on improving the properties of single-core 
fibers, extending the spectral range of channels, increasing the capacity with wavelength-division  
multiplexing and raising the channel data rate. In 2010 MCFs were studied again for space-
division multiplexing when reports predicted a capacity crunch in the near future because of the 
capacity limit of current optical communication systems due to limitations of amplifier bandwidth, 
nonlinear noise, and fiber fuse phenomenon [25]. MCFs can be divided into two groups based on 
whether cores are coupled with each other or not: a weakly-coupled and a strongly-coupled. Each core 
of a weakly-coupled MCF or uncoupled MCF (UMCF) is used as an individual spatial channel with 
sufficiently low crosstalk between neighboring cores (preferably, lower than -25 dB or -30 dB) [26], 
[27]. To fulfill this requirement  the coupling coefficient κ between neighboring cores should be 
lower than 10−2 m−1 and core-to-core distance should be in the range from 35 to 40 μm [28]. The other 
group consists of strongly-coupled MCF or Coupled MCF (CMCF), in which decreased spacing 
between cores intentionally induces coupling. For CMCFs, light propagates through multiple 
numbers of cores as a supermode and every supermode can be considered as one spatial channel [29]. 
In CMCF the coupling coefficient κ between neighboring cores is larger than 10−1 m−1 and the lattice 
distance is less than 30 µm [30]. The  number and characteristics of supermodes depends on the 
number of cores, their size, placement, index profiles, and pitch. We will emphasize  on this type in 
the last chapter, since this type is useful for fluorescence applications and sensor devices.    
In MCFs, The presence of a core near another core can be considered as a perturbation. The power is 
coupled from one core to another within the same clad because the evanescent part of the mode, 
traveling in the cladding, experiences a perturbation by the other core.  Due to this coupling the energy 
passes back and forth between the cores along the length of the fiber as shown in fig (7).  This 
coupling between the cores exhibits a sinusoidal spectral response which is useful for constructing 





Figure 7: Coupling between two cores in one fiber. 
Consider a simple case with just two cores, core1 and core2, in a common lower index cladding 
material. For the simplicity, we assume that each individual core in isolation supports only one 
fundamental guided mode (LP01). If the fields of the fundamental mode of core 1 and core2 before 
mode coupling is represented as (E1, H1) and (E2, H2), respectively. Then the fields of the composite 
waveguide (coupled waveguide) can be expressed by  
 ?⃗? = 𝐴(𝑧)?⃗? 1 + 𝐵(𝑧)?⃗? 2 




The linear interaction between the modes of single-mode waveguides is described by a set of coupled-













Here, β1 and β2 are the propagation constants of the modes in core 1 and core 2 respectively and the 
coupling coefficients κ12, κ21 are given by:  
 























                 (p, q)=(1, 2) or (2,1).  (23) 
 
Eqns (21) and (22) can be solved by eliminating A or B:  
 𝑑2𝐴(𝑧)
𝑑𝑧2
− 𝑗(𝛽2 − 𝛽1)
𝑑𝐴
𝑑𝑧
+ 𝜅12𝜅21𝐴(𝑧) = 0 (24) 




2 sin (𝑞𝑧) (25) 
11 
 
















[𝑗 𝑞 cos(𝑞𝑧) −
(𝛽2 − 𝛽1)
2
 sin (𝑞𝑧)] (27) 
In practice light is launched into waveguide 1 only at z = 0, so we have A(0)=A0 and B(0)=0, then the 



























The power-coupling efficiency from excited core 1 to core 2 reaches maximum at 
 𝑞𝑧 = 𝜋
2
(2𝑚 + 1)                              m=0, 1, 2, ..... (31) 
The length where the maximum power is transferred from one core to another core is described by the 
















2.1.1. Coupling between dual identical cores 
For the dual identical core case, the power from core 1 will completely transfer into core 2 because the 
difference of propagation constants is equal to zero between homogeneous cores. Then the reverse 
process will occur, with power passing back and forth between the cores along the length of the fiber.  
The distribution of power between the two cores as a function of propagation distance, z, is illustrated 
in fig (8). The percentage of power transferred between cores is referred to as the coupling efficiency, 
and the length where the power is completely transferred from one to another is called  the coupling 
length or the beat length. Since β2= β1, κ12=κ21=κ and F=1 the power flow in waveguide 1 and 2 can be 
written as: 










Figure 8: Power conversion efficiency between identical cores vs normalized propagation 
distance. 
 
2.1.2. Coupling between heterogeneous cores 
Since the difference of propagation constants between heterogeneous cores is not equal to zero, the 
power coupling efficiency between the two cores is smaller than one as can be seen in fig (9). 
 
 
Figure 9: Power conversion between heterogeneous cores as a function of the 
normalized propagation distance. 
 
2.2. Theories of core coupling 
The coupling behavior for MCFs is determined by numerical approaches such as finite-element or 
finite-difference methods, or by using analytical approximations, or a combination of both analytical 
and numerical approaches. The numerical approach is based on calculating the mode solutions for the 
complete multi-core system, The analytical approach is based on finding the solutions for the 
individual waveguides and provides an analytical approximation for the complete system. Of all the 
MCF structures we consider the homogenous, 7-identical-core MCFs consisting of one central core 





Figure 10: Seven-core fiber structure consisting of 6 cores symmetrically disposed 
around a central core. 
 
 
For the simplicity of the design and fabrication, we assume that each core has an identical diameter dc 
and refractive index, nco while the cladding has a refractive index ncl. It is also assumed that the MCF 
cross-section is uniform along the z-axis and each individual core supports only one fundamental 
guided mode (LP01). If the amplitude of the fundamental mode of the pth core is Ap(z), the propagation 
constant for the fundamental mode of core p is βp then the electric and magnetic fields in pth core can 
be written in terms of its mode amplitude function in the cross-section multiplied by the propagating 
function in the z direction as  
 
    zjpp
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The linear interaction between the modes of single-mode waveguides is described by a set of coupled-
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   is the amplitude of the transverse electric field at position z 
for each core and T denotes the transpose, z is the direction of propagation, and C is the coupling 
matrix describing the interaction between pairs of cores whose separation is ᴧ. The coupling matrix 























































The elements cpq indicate the spatial overlapping of the mode fields of core p and core q over the 
cross-sectional area of core q. The calculation of the coupling coefficient cpq is usually performed 
using numerical approaches, e.g., finite element, or by using analytical approximations, or a 
combination of both. 
2.2.1. Analysis of mode coupling dynamics in seven-core fibers 
In homogenous, seven-core MCFs in which all the cores have equal sizes and six are symmetrically 
arranged around the central core, there are only two coupling coefficients in the structure, i.e., one for 
the coupling between two adjacent external cores and another for the coupling between the central and 
external cores. The coupling coefficient of the nonadjacent cores can be neglected; therefore, the 7-by-
7 system of coupled differential equations obtained from eqn (37) reduces to two equations that can be 
solved analytically for the amplitude of the electric field in the central and (any of the) external cores 
[32]: 
 



















where q=√(c2+6k2), C and k are the are the coupling coefficients for the external-external and 
external-central interactions, respectively, and a(0) and b(0) are the initial amplitudes of the field in the 
central and the external cores at z = 0. 
In the experimental situation the seven-core fiber is spliced at each end to a single-core fibers. The 
excitation radiation is sent only into the central core, i.e., a(0)=1 and b(0)=0 for all the external cores. 
The analytical solution for the mode amplitudes at distance z is: 
 iczeqz
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Since the normalized power 2AP   , a simple expression for the evolution of the normalized mode 
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Eqns (44) and (45) show a periodic exchange of power between the cores along the length of the fiber 
as in fig (11), fig (12). The ratio of the power transferred between these cores is referred to as the 
power-conversion efficiency and the crosstalk (XT) is defined as XT = 10 log10 (P’/P) [dB], where P 
and P’ are the output power from the input core and that from the neighboring core, respectively. For 
applications such as data transmission, crosstalk in MCF’s is seen as their main disadvantage, however 
it is desirable for some applications such as fiber lasers and sensing applications.   
 














2.2.2. Finite element method 
 
Computational tools for modeling and simulation of the crosstalk appearing between the cores 
inside the same cladding are essential for successful design, optimization, and realization of 
high-performance MCFs. Various numerical techniques have been developed in particular, the 
finite element method (FEM). It is a powerful and effective tool for most guided-wave problems. 
For seven-core fiber, assuming each core is single-mode, The number of modes is equal to the 
number of cores, times two for polarization degeneracy [33]. To calculate these modes for a 
seven-core fiber with identical, hexagonally distributed cores, we need to solve the vectorial 
Maxwell equation using the finite-element method with an accurate mesh resolution as in fig 




Figure 13: Four modes calculated for the seven-core fiber using FEM. 
 
 






2.2.3 Eigen mode expansion method 
 
The eigen mode expansion  method has been well known in photonics for some time as the film mode 
matching method [34], [35]. This method is used to calculate the reflection and transmission at an 
arbitrary stack of arbitrary layers, for an arbitrary incident field. This can be done by slicing up the 
structure into layers where the index profile doesn’t change in a given direction. Then the solution of 
Maxwell’s Equations in each of this individual layers can be written as a sum of so-called eigen 
modes. Such modes can be calculated using the finite element mode solver in the Fimmwave software 
package: 
 





𝑏𝑒−𝑖𝛽𝑖𝑧)𝝍𝑖(𝑥, 𝑦)  
 
                             (46) 
where  ],[

 iii HE  is the electric and magnetic mode profile, βk is the corresponding propagation 
constant, fic   and 
b
ic   , are the forward and backward complex amplitude coefficients of the ith mode, 
respectively as shown in fig (15). 
 
 
Figure 15: Forward and backward propagating modes. 
 
The schematic of the structure used to simulate the coupling and the power transferred between the 
cores in the seven-core fiber probe is shown in fig (16). Light is coupled into the central core in the 
seven-core fiber using single-mode fiber as an input waveguide. Power then couples up to the 
surrounding cores along the length of the seven-core fiber. Finally, the transmission power is collected 






Figure 16: The schematic of the SMS device, which is used in simulation model. 
 
The fields in the entire device are obtained by the scattering matrix approach involving both forward 
and backward modal excitations for the field in each of these sections. By applying the continuity and 
the orthogonality conditions for the mode fields across the interface, between the consecutive sections 
to express the fields traveling away from the joint in terms of the fields incident on the joint, as shown 












𝑚+1(𝑥, 𝑦)   (47) 
 ∫(𝐸𝑥,𝑖 . 𝐻𝑦,𝑗 − 𝐸𝑦,𝑖 . 𝐻𝑥,𝑗). 𝑑𝒔 = 𝛿𝑖𝑗       (48) 
 
Where 𝑎𝑖 f,, 𝑎𝑖b are the coefficients of the forward and backward modes at the beginning of section m 
and 𝑏𝑖 f, 𝑏𝑖b are the coefficients of the forward and backward modes at the beginning of section m+1. 
𝐸𝑖,𝑡
𝑚(𝑥, 𝑦), 𝐸𝑖,𝑡𝑚+1(𝑥, 𝑦) are the tangential electric mode fields on the consecutive sections m, m+1. The joint 
scattering matrix expresses the fields travelling away from the joint in terms of the fields incident on 
the joint can be driven from [36].  
 
 




Since the device is described by three sections separated by two joints, this requires calculating two 
Joint Scattering Matrices relating the mode amplitudes in neighboring Sections and 3 propagating 
matrices in the three waveguides. Once we compute these 5 individual matrices, the S- matrix for the 
whole device can be computed by combining these individual matrices. 
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3.  Fabricat ion of  a  s ing le -mode seven-core  
f iber  using stacking and drawing pr ocess  
3.1.    Introduction 
Multi-core, optical-fiber technology is expected to move from research laboratories to industrial 
applications in a short time. However, a successful transition will only be possible with an optimized 
design and manufacturing process. The fabrication process is the most important aspect in designing 
and developing new multi-applicable, micro-structured, MCFs, where the best candidate is a seven-
core fiber. The geometrical structure of seven-core fiber is symmetrical, and the fiber itself has 
polarization-independent behavior. In this chapter the basics for designing and manufacturing a single-
mode, seven-core fiber using the stack-and-draw process is described. The manufacturing process 
begins with the single-mode preform-preparation phase to the multi-core, fiber-drawing process to 
achieve the final dimensions.  
There are several ways to distribute various numbers of cores inside a rotationally symmetric structure 
of fiber cladding [37-39]. The linear, core-array, MCF [38] is proposed for use in applications for 
mode generations, couplers or fiber temperature sensors. Of all the structures, the heterogeneous 
arrangement of cores is the most suitable one for telecommunications [39], since it has advantages in 
the fabrication process and provides good fiber properties. From all the multi-core structures we opted 
for the seven-core fiber, since it has the most symmetrical structure and the fiber itself has 
polarization-independent behavior. The distances between the individual cores in a seven-core fiber 
are equal. Before manufacturing the fiber preform, the final dimensions of the fiber should be known 
on a microscopic scale. From the fiber dimensions it is possible to define the dimensions of the 
preform on the macroscopic scale that will be used for drawing multi-core optical fiber. In this work, 
we want to fabricate single-mode cores that enable the transmission of only one light-wave mode at a 
wavelength of 630 nm. The simulations of the optical signal crosstalk that appears between the cores 
inside the same cladding yields the optimal design, where the distance between the cores is 35 µm, as 




Figure 18: Core arrangement of seven-core fiber. 
 
Over the past four decades, silica glass has come to be the most appropriate material for 
manufacturing optical fibers, combining both low attenuation in specific wavelength ranges and ease 
of processing. Different methods for the fabrication of optical fibers have been developed. These 
methods can be classified into methods for direct fiber production, such as the double-crucible 
method, and methods involving a so-called preform, such as vapor-deposition methods.  The easiest 
technique to manufacture optical fibers is a direct process like the multi-crucible technique [40] where 
an outer crucible contains the molten glass that will eventually constitute the cladding of the fiber, 
while an inner crucible contains the molten glass that will make up the cores. The core glass flows 
through the nozzles at the bottom of the inner crucible into the cladding glass, and the combined glass 
streams jointly exit the outer crucible through the bottom nozzle, without any intermixing of the 
streams. After this the fiber is drawn and coated. The disadvantage of the multi-crucible technique is 
the low purity of the glass and, consequently, the high attenuation of the optical fiber.  
The second manufacturing possibility is the vapor-deposition technique, which can be classified as 
either internal, where the cladding and the core layers are deposited on the inside of a silica tube by 
initiating the chemical reaction using a burner in a modified chemical vapor deposition (MCVD), or 
by a microwave plasma in plasma chemical vapor deposition (PCVD), and external processes, where 
the layer deposition is performed on the outside of a rotating target rod, using hydrolyzation with a 
flame mechanism (outside vapor deposition (OVD) or vapor axial deposition (VAD)). Both are based 
on the chemical deposition of silica particles produced by the oxidation of silicon tetrachloride vapor. 
Other chloride vapors such as germanium tetrachloride and phosphorus oxychloride are used as the 
sources of dopants in the silica. The preform should include the composition of the core and the cross-
sectional profile of the refractive index as in the final fiber. A typical preform used for testing has a 
diameter of about 1 cm and a length of some 10 cm, while preforms that are used in industry are much 
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larger, with a diameter of some 10 cm and a length of more than a meter. In the following section we 
will focus on the MCVD that is used for fabricating the preform prior to MCF fabrication. 
3.2. Modified chemical-vapor-deposition method 
The MCVD process [41] is the most widely studied method for producing a high-purity glass-fiber 
preform. The main components of the MCVD apparatus, which are shown in fig (19) include a strong 
heat source (a burner, which works by using a mixture of hydrogen and oxygen or a furnace with a 
graphite heater), a gas line, a gas cabinet and a system for wastewater reaction products. It is based on 
depositing layer after layer from high-purity materials on the inner surface of a rotating quartz glass 
tube through the oxidation of halide vapor such as SiCl4 at high temperature (1400°C to 1600°C). 
After the cladding layers at the refractive index of SiO2 or lower are deposited using a burner moving 
back and forth across the tube, the vapor of GeCl4 dopants are introduced into the tube to form the 
core layers at a higher refractive index. With proper control of the chemical flow rate of the dopant 
halides we can specify the shape and the structure of the core preform. The desired refractive-index 
profile is achieved by adding a small quantity of dopants. Dopants such as germanium (Ge) and 
phosphorus (P) can increase the refractive index of pure silica, while fluorine (F) and boron (B) can 
lower it.  When the deposition processes are completed, the glass tube is heated to a higher 
temperature causing the glass surface tension to reduce the internal diameter of the tube. This 
temperature depends on the amounts and types of impurities. After a few passes of a slow-moving the 
tube closes. This phase of the process is called the collapse. After the collapse is complete the preform 
is ready for the measurement of the profile of the refractive index and for further processing. The 
MCVD method is a flexible technique for producing various fiber structures, and low loss fibers, but it 




 Figure 19: Manufacturing of a preform with a modified chemical vapor deposition (MCVD). 
 
 
The preform is manufactured from a high-quality quartz glass tube that rotates at a constant speed 
around its axis. Along the tube, at low speed, about 2–4 rev/min, and by moving the trolley to the 
burner or the furnace, the flame heats a short section of 3–5 cm to a temperature of more than 1600°C. 
In the hot zone of the reaction of the reagents in the carrier gas, are the resulting particles of solid 
silica, and the dopants, which are deposited on the inner wall of the tube. The preform manufacturing 
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is carried out with several passages, the number of which depends on the profile of the refractive index 
and the desired characteristics of the fiber. The preform was fabricated by the MCVD with an outer 
diameter of 16 mm, a core diameter of 2 mm, a length of 145 mm, with the difference between the 








Figure 21: The prepared preform and its refractive index profile. 
 
 
3.2.  Preparation of the seven-core fiber preform  
To fabricate the simulated design in fig (18) we have to calculate the dimensions of the preform which 





Figure 22: Scheme of packing elements for the preform using CAD software.  
 
The preform is stretched on a lathe to the intended dimensions, calculated using the CAD software 
(the outer diameter is 7 mm and the core diameter is 0.91 mm). During the stretching of the preform to 
7 mm the core-clad ratio remains almost the same. The stretched preform is cut using a glass saw with 
a diamond blade into the seven preforms. Before the beginning of the stacking, the inner walls of the 
tube must be cleaned with acetone and brushed extensively with pure nitrogen, since any impurities 
can increase the attenuation of MCF.  Then the diameter of the stacking elements, the symmetrical 
placement of the doping rods and the arrangement of the spacers can be determined using computer 
aided design software (CAD) as in fig (22). An additional intermediate step consists of stacking 
single-mode fiber preforms, and small filling rods to maintain their position in a hexagonal close 
packing. This package is clad with a high-quality quartz glass tube with an internal diameter 21 mm 
and an external diameter 25 mm. A key requirement of this process is to optimize the packing density 
by minimizing the void spaces between the stacking elements of the initial preform that disappear 
during the collapsing and drawing processes and could distort the geometry of the final fiber. The 
geometrical mismatch between the fabricated MCF from the intended fiber structure due to the 









     
 
                                             (49) 
Where Λ0, d0 are the core pitches and the core diameter in the starting package arrangement and Λ, d 
are the core pitches and the core diameter in the fabricated MCF. 
In order to get an optimal configuration the seven perform rods are placed in contact with each other 
and with the tube’s boundaries as in fig (23). It is also necessary to weld a tube to the preform end and 
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seal the other end of the tube with a special gasket to create a vacuum with a vacuum pump during the 
drawing process for obtaining a compact a solid fiber as in fig (24) and fig (25). 
 
 
Figure 23: the staked preforms are prepared by placing the seven perform rods in contact 








Figure 25: Sealing the end of the preform. 
 
 
Once the processing of the collapse is complete, the multi-core preform is drawn using the drawing 
tower. The essential components of the drawing tower include a preform feeder, a high-temperature 
furnace to melt the preform, a diameter monitor, a traction capstan, a polymer coating applicator, a 
coating curing unit and a spooling device to wind the fiber. The multi-core preform is cleaned and 
fixed in the feeding unit. Then the tip of the preform is heated in a graphite furnace (~2000°C) to the 
softening temperature until a neck-down region is formed at its tip, which provides the transition to a 
fine-diameter filament, as in fig (26). Then the fiber is pulled by applying a uniform traction with the 
capstan. The on-line fiber-diameter measurement allows continuous inline control to achieve a fiber 
with a uniform diameter by varying the drawing speed. The desired fiber diameter can be derived from 
the mass conservation law using the following equation 
 𝑣𝑓 𝑣𝑝 = 𝑑𝑝2 𝑑𝑓
2⁄  
 
         (50) 
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where dp, vp, vf, df are the preform diameter, the preform feed rate, fiber diameter, and the fiber 
drawing speed, respectively. 
Next, the optical fiber is coated with two polymer coatings by passing it through a series of coating 
applicators during the drawing process. The first coating is done with soft material for protecting the 
fiber from lateral pressure when it is cabled. The second coating is done with more rigid layer for 
mechanical protection. Two non-contact laser diameter measuring monitors the diameter of the bare 
glass fiber after leaving the furnace, and the diameter of the coated fiber. This on line measurement are 
fed into a closed control loop to allow continuous inline control, adjustment of the diameter during the 




Figure 26: Fiber drawing tension due to the formation of the neck-down region. 
 
 
3.4.     Characterization of the fabricated seven-core fiber 
The Fibers can be characterized in two ways.  The first one is inline characterization where we can 
control the fiber parameters during the drawing and we can know which fiber length could be useful. 
The second characterization is performed after the fabrication process. We fabricated two fibers. The 
first fiber had cladding diameter and length 125 µm 1050 m respectively. The second sample had 





Figure 27: Characterization during the drawing process. 
 
 
 3.4.1.  Characterization of fiber geometry 
The PK 2400 Fiber Geometry System has been the industry-standard for characterizing optical fiber 
geometry as in fig (28). The geometry was measured by coupling light at one end of the fiber sample 
and observing how much light passes through each of the cores at the other ends as seen in fig (29). 
We also removed the protection layer and put the fiber sample under an optical microscope and 
illuminated the fiber from one side as in fig (30). The ratio  d/Λ ~ 0.1365 - 0.137 for the seven-cores is 
shifted from the ratio d/Λ ~ 0.13 of the single fiber preform before the drawing. The d/Λ shift is due to 





































4.  SMF- MCF- SMF (SMS) probe   
4.1. Introduction 
In this chapter, the theory of operation, the simulation of the coupling between cores and the 
optimization of a seven-core fiber with optically coupled cores are presented. In strongly coupled 
MCF with cores close enough together, modes involving multiple numbers of cores are the 
superposition of the individual LP modes of each of the cores, and  are referred to as supermodes [29]. 
The proposed probe consisting from two identical single-mode  fibers axially spliced at both ends of a 
short length of seven-core fiber. This design is similar to SMS  structures (SMF- MMF- SMF) but the 
MMF section has been replaced by a strongly coupled seven-core fiber because in a MCF you can 
vary the number, size, placement, index profiles, and pitch of the cores, in order to achieve the desired 
supermodes. This allows for much greater control over the coupling from an excitation fiber to the 
MCF, as well as control over which supermodes and how many supermodes propagate along the 
MCF, as will be shown in the following section. It is observed that the transmitted power in the seven-
core fiber becomes highly sensitive to the wavelength of operation and the length of this fiber because 
the power will be distributed throughout multiple supermodes, which will interfere throughout 
propagation down the fiber. Then the power is coupled and transmitted in the second single-mode 
fiber will be highly dependent on the distribution of light in the cores of the seven-core fiber section. 
Due to the wavelength dependency of the interference, the transmission spectrum will have a periodic 
modulation. This modulation should be useful in the design of efficient fiber optic sensors [43] [44] 
[45] and novel spectral filters [46] [47]. 
4.2. Supermodes in coupled MCFs 
The modal characteristics and the mode field distribution of supermodes inside the seven-core fiber 
are investigated using numerical simulations. The full-vector FEM is successfully applied to study and 
to resolve the behavior of MCFs. The number of supermodes propagating in the MCF is specified by 
the number of cores and how many modes each core supports. If each core only supports a single-
mode, the number of supermodes equals the number of cores, multiplied by two. The factor of two 
reflects  two polarization states (the transverse electric and transverse magnetic)  [33]. For seven-core 
fiber the total number of non-degenerate super-modes equals the number of cores. The super-mode 





Figure 31. Electric field of the seven super-modes using a finite-element mode solver. 
4.3. SMF -MCF -SMF (SMS) 
We consider a SMS structure consisting of two identical single-mode fibers spliced (axially aligned) at 
both ends of the seven-core fiber of length L. The central core of the seven-core fiber is excited by the 
fundamental mode of the input SMF. In this case, only supermodes that are circularly symmetric with 
intensity in the central core will be excited. These are modes one and six for the seven-core fiber. 
Then, after a distance z, the power transferred from the central core to the other cores and the structure 
oscillates between a state where all the power is in the central core (the initial state at z=0) and a state 
where one-seventh of the power is in each of the outer cores and in the central core.  
 
 





The pattern shown in fig (32) is due to the interference of the two excited supermodes. Because each 
supermode has a different propagation constant, a phase difference develops between them as they 
propagate down the MCF, as shown in eqn (51):  
 
 ∆𝜑 = (∆𝛽)𝐿 (51) 
 
where Δφ is the phase difference, (Δ𝛽) is the difference between the propagation constants of the two 
excited supermodes in the MCF and L is the length of the seven-core fiber. Analytical expressions 
have been developed describing the wavelength dependence of the propagation constants for super-
modes inside the MCFs with circularly distributed cores [48-50]. In addition, a semi-analytical model 
[51]  calculated the transmission properties of light in the SMS using the equation  
 𝑇(𝜆) = 1 −  𝑃1𝑃6𝑠𝑖𝑛2(2 7 𝐶(𝜆)𝐿) 
 
(52) 
where P1 and P6 are the fraction of light carried by the two excited super-modes SM1 and SM6, 
respectively, C is the core-coupling coefficient and L is the MCF segment length.  
From the above equation it is clear that the power coupled to the lead-out single-mode fiber is 
expected to be sensitive to the phase difference developed between the two supermodes at the output 
end of the seven-core fiber section. Thus, the performance of the SMS structure depends on the 
wavelength of operation and on the length of the seven-core fiber which shows a periodic modulation 
of power in spectrum when the light from the MCF is coupled into a SMF. The period of the 
interference pattern depends primarily on the length of MCF while the modulation depth is highly 
dependent on geometry of the MCF. This modulation should be useful in the design of efficient fiber 
optic spectral filter. An additional advantage of this scheme is that the central filter wavelength can be 
easily tuned to another value by simply changing the MCF length or the MCF geometry so that the 














5.  Experiment  and Result s  
The performance of the SMS structure as a function of the MCF length in the wavelength range 1510 
nm to 1580 nm has been studied experimentally and through simulation. Then the Eigen mode 
expansion method has been used to simulate and design various SMS by changing the lattice 
parameters, core diameters of the seven-core fiber section. 
Various SMS designs were created by splicing 28, 30, 40, 60 and 80 cm lengths of the fabricated 
seven-core fiber between two SMFs as in fig (33). The splicing was performed using the FSM-45PM 
fusion splicer. This splicer has profile alignment system for core-to-core alignment and many 
additional functions, which enable splicing of dissimilar fibers. To further numerically simulate the 
transmission characteristics of the these SMS probes, we define the transmission for the central core as 
10 log10 (Pout/Pin) [dB], where Pout and Pin are the output power from the central core to input power 
into central core at z = 0. The simulation results of the transmission in central core amongst the 
variation of the MCF length in the SMS structure for the wavelength range 1510 nm to 1580 are 




Figure 33: Different SMS probes created by splicing 28, 30, 40, 60 and 80 cm lengths of a 









Figure 34: Simulated transmission spectra of the SMS device with 28 cm length of seven-core 
fiber section. 
 



















The experimental setup to measure the transmission probe spectra is shown in fig ( 39) and fig (40). It 
consists of  an Erbium-doped Fiber Amplifiers (EDFA) and an Optical Spectrum Analyzer (ANDO 
AQ6317). Light was launched to the SMS structure using the EDFA and the transmitted power 










Figure 40: The image of the experimental set up for measuring the probe spectra. 
 
 
The simulated and experimentally measured transmission spectra for SMS probes have been compared 






Figure 42: Comparison of simulated and measured transmission spectra of the SMS device with 





Figure 43: Comparison of simulated and measured transmission spectra of the SMS device with 







Figure 44: Comparison of simulated and measured transmission spectra of the SMS device with 





Figure 45: Comparison of simulated and measured transmission spectra of the SMS device with 







Figure 46: Comparison of simulated and measured transmission spectra of the SMS device with 
80 cm of  seven-core fiber segment. 
 
 
 In this section, The model was applied to study the coupling length in different SMS structure by 
varying only the core to core distance (Lattice distance) at wavelength 415nm as in figs (47-51). The 
core and cladding refractive indices using the Sellmeier equation [55] for the core and cladding 
material. 
 MCF1 MCF2 MCF3 MCF4 
Lattice distance (µm) 9.5 10 10.5 11 
Core size (µm) 9 9 9 9 





Figure 47: Normalized power  in central core for MCF1 as a function of fiber length at 





Figure 48: Normalized power  in central core for MCF2 as a function of fiber length at 









Figure 49: Normalized power  in central core for MCF3 as a function of fiber length at 






Figure 50: Normalized power  in central core for MCF4 respectively as a function of fiber 








Figure 51: The coupling length is plotted versus the lattice distance for 
MCF1, MCF2, MCF3 and MCF4 respectively at wavelength 415 nm. 
 
 
In this section, The model was applied to study the transmission characteristics in different SMS 
structure based on Table (1)  by varying the core to core distance of the MCF segment in a certain 
range of wavelengths as shown in figs (52-57) .  
 
 
Figure 52: transmission power ratio for SMS device with MCF1 as a function of wavelength 







Figure 53: Normalized transmission power for SMS device with MCF2 as a function of 





Figure 54: Normalized transmission power for SMS device with MCF3 as a function of 







Figure 55: Normalized transmission power for SMS device with MCF4 as a function of 





Figure 56: Comparison of transmission characteristics for SMS device with MCF1, MCF2, 







Figure 57: Comparison of transmission characteristics for SMS device with MCF1, MCF2, 




In this section, The model was applied to study the coupling length in different SMS structure by 
varying the core size of the MCF section as in Table2. The results is shown in figs (58-61)  
 MCFA MCFB MCFC 
Core Radius (µm) 3.5 4 4.5 
Lattice distance (µm) 10 10 10 
Table 3: Three different designs of seven-core fibers. 
 
 









Figure 59: Normalized transmission  in central core for MCFB as a function of fiber length at 
λ=415 nm. 
 






Figure 61: The coupling length is plotted versus the core radius for MCFA, MCFB and MCFC 
respectively at wavelength 415 nm. 
In this section, The model was applied to study the transmission characteristics in different SMS 
structure by varying the core radius of the seven-core fiber segment in a certain range of wavelengths 




Figure 62: Normalized transmission power for SMS device with MCFA as a function of 







Figure 63: Normalized transmission power for SMS device with MCFB as a function of 





Figure 64: Normalized transmission power for SMS device with MCFc as a function of 







Figure 65: Comparison of transmission characteristics for SMS devices with MCFA, MCFB, and 





Figure 66: Comparison of transmission characteristics for SMS devices with MCFA, MCFB, and 





After simulating numerous designs with different parameters, it has been determined that the SMS 
structure with seven-core fiber has 4 μm diameter cores, and 7 μm pitch, refractive index difference 
between the core and cladding (Δn = 1.5x10-3 at wavelength 415 nm)  and 125 μm cladding is the 
optimal design for exciting fluorophore which has a maximum fluorescence excitation wavelength at 
365 nm and the maximum emission wavelength at 415 nm. The propagation dynamics of this optimal 
design as a function of the fiber length at a wavelength 415 nm investigated by exciting the central 
core only with the fundamental mode. Then the transmitted power in every core is “detected” by an 
offset single-mode waveguide having a radius similar to that of the peripheral cores in the seven-core 
fiber. The result is presented in fig (67). This figure shows how the power transfers to the outer cores 
after the coupling length and then swings back again along the length of the MCF. 
 
 
Figure 67: Propagation dynamics of a homogeneous seven-core MCF for the case of 
light injected into the central core. 
 
Next, we set the MCF length to an integer multiple of the coupling length and run the simulation to 
scan the transmittance in all the cores as a function of the wavelength. The results are shown in fig 
(68).  The important features in this figure, are the two cases corresponding to the peak transmission at 
wavelengths of 365 and 415 nm. Therefore, the central core can be used to transmit and couple the 
excitation radiation of 365 nm to the outer six cores. Using all the cores for delivering the excitation 
from the light source to the sample in comparison to excitation by a single-core fiber reduces the risk 
of high light power density. Causing photochemical damage to sample. Then the fluorescence 
emission feedback radiation (415 nm) can be collected in the outer six cores, and the fluorescence 










Figure 69: Seven-core fiber for sending the excitation light to the fluorophore and 








6.  Conclus ions   
Our research uses a finite element method (FEM) to solve the vectorial Maxwell equation for seven-
core fibers in order to calculate the mode field distribution. The Eigen mode expansion method is then 
applied to study the coupling behavior in a seven-core fiber. This method provides a more exact, 
though numerically intensive, description regardless of the strength of the coupling.  
In this research a ‘proof of concept’ of using core-to-core coupling for wavelength filtering is 
introduced by comparing experimental results and numerical simulation of the SMS structure with 
different seven-core fiber segment lengths in the wavelength range 1510 nm to 1580 nm. The results 
show that the transmission modulation period is dependent on the seven-core fiber segment length and 
the transmitted power is dependent on the wavelength. The small differences between the simulation 
and experimental results are due to the loss of the splicing between the SMF and MCF in the SMS 
device, errors in measuring the fiber geometry and the refractive index of the drawn fiber.  
The Eigen mode expansion method is used to show the effects of changing the core separation of 
various SMS devices as in table 1 at wavelength 415 nm. The results showed that the coupling length 
is exponentially increasing with the core separation. The same method used to scan the transmission 
characteristics  of these  previous SMS devices with different core separations in the wavelength range 
300 to 500 nm when the seven-core fiber length is twice and three times the calculated coupling 
length. It is observed that the transmitted power in the seven-core fiber is dependent on the wavelength 
of operation.  
The effects of changing core size of in a seven-core fiber segment on the coupling behavior SMS 
devices are shown in table 2 at wavelength 415 nm. The results show that the coupling length is 
exponentially decreasing with increasing the core size. The same model is used to examine the 
transmission characteristics of the SMS structures with different core diameters in the wavelength 
range 300 to 500 nm when the seven-core fiber length is twice and three times of its calculated 
coupling length.   
Due to the wavelength dependency of the interference between the supermodes in the seven-core 
fiber segment, the coupling between cores exhibit a sinusoidal spectral response which is useful for 
constructing devices such as spectral filters, switches splitters and couplers. With appropriate choice 
of MCF parameters the wavelength can be tuned for fluorescence applications. The central core can be 
used to transmit and couple the excitation radiation to the outer six cores. Using all the cores for 
delivering the excitation light from the source to the sample reduces the risk of sample being 
photochemically damaged compared to excitation by a single-core fiber. Fluorescence emission 
feedback radiation at a higher wavelength can be collected in the outer six cores, and the fluorescence 
signal can be coupled from these cores to the central core. The results from the numerical simulations 
of the 3D full-vectorial model show three cases corresponding to peak transmission at wavelengths of 
365 nm, 410 nm and 480 nm. The selectivity of the wavelength ensures that the light directed into the 
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central core will pass through it and reach the end of the probe, except for certain wavelengths, where 
it will couple and appear at the end of the other cores. 
Although the simulation results are very encouraging, the performance of the proposed probe will 
certainly require refinements and improvements which might be identified through manufacturing and 
































Contribut ions  to  Science  
Proposal of a novel, integrated and highly efficient MCF fluorimeter probe and its evaluation. 
The new probe integrates the optical paths (excitation path and collection path) within a single MCF. 
The central core is used to transmit and couple the excitation radiation to the outer six cores to excite 
the sample. Using all the cores for delivering the excitation light from the source to the sample reduces 
the risk of sample being photochemically damaged when compared to excitation by a single-core 
fiber. Fluorescence emission feedback radiation at a higher wavelength can be collected in the outer 
six cores, and then the fluorescence signal can be coupled from these cores to the central core. The 
concept of using core-to-core coupling for filtration has been evaluated using the fabricated SMS 
probe by comparing experimental and numerical simulation of the SMS structure in the wavelength 
range 1510 nm to 1580 nm. Then the same numerical simulation model a gain used to scan the 
transmission characteristics of the SMS device in the wavelength range 300 to 500 nm by changing the 
MCF geometry. The optimization of the MCF design which had periodic modulation in the 
wavelength range from 300 to 500 nm was completed in simulation. 
 
Development of light propagation model within and between optical waveguides and 
optimization of material and waveguide properties of a MCF probe. 
We developed the Eigen mode expansion method for studying the coupling between the cores in a 
seven-core fiber. We studied various designs from seven-core fiber by changing the size of the cores, 
and the separation of the cores, in order to calculate their effect on the coupling and transmissive 
properties of seven-core fibers. 
 
Innovative integration of functions for capturing of light and optical filtering on a multi-core 
optical fiber. 
The new probe is advantageous over the conventional fiber probes in terms of exploiting the coupling 
between the cores for integrating filtering functionality instead of mounting conventional filters. It is 
observed that the transmitted power in the seven-core fiber becomes highly sensitive to the wavelength 
of operation and the length of this fiber because the power will be distributed throughout multiple 
supermodes, which will interfere throughout propagation down the fiber. Due to the wavelength 
dependency of the interference, the transmission spectrum will have a periodic modulation. This 
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A seven-core fiber for fluorescence spectroscopy 



























































A seven-core-fiber spectral filter based on LP01-LP01 mode coupling 


























































A Single-Mode Seven-Core Optical Fiber: Design and Manufacture Based on a Stacking-and-Drawing 
Process 
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An Overview of Fiber Fluorimeter Probes 

























An Overview of Fiber Fluorimeter Probes 








An Overview of Fiber Fluorimeter Probes 







An Overview of Fiber Fluorimeter Probes 








An Overview of Fiber Fluorimeter Probes 








An Overview of Fiber Fluorimeter Probes 








An Overview of Fiber Fluorimeter Probes 

















































Seven-Core Optical Fiber Design and Fabrication for Space Division 
Multiplexing Optimized for Low Crosstalk 
18th International conference on transparent 




















































A Multicore fiber probe for fluorescence spectroscopy 
52ndInternational Conference on Microelectronics, Devices and materials 
 








































Fabrication of a Single-Mode Seven-Core Optical Fiber Using the Stack-and-
Draw Procedure 
 









































Simulations of Inter-Core Crosstalk in a Seven-Core Optical Fiber Based on Silica Glass 
 

































































Seven-Core Optical Fiber in a Passive Optical Access Network 







































Simulacije presluha v večjedrnem optičnem vlaknu 
Crosstalk simulations in multi-core optical fibers 
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